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In-Flight Validation and Recovery of Water Surface
Temperature With Landsat-5 Thermal Infrared
Data Using an Automated High-Altitude
Lake Validation Site at Lake Tahoe
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Abstract—The absolute radiometric accuracy of the thermal
infrared band (B6) of the Thematic Mapper (TM) instrument on
the Landsat-5 (L5) satellite was assessed over a period of approx-
imately four years using data from the Lake Tahoe automated
validation site (California—Nevada). The Lake Tahoe site was
established in July 1999, and measurements of the skin and bulk
temperature have been made approximately every 2 min from
four permanently moored buoys since mid-1999. Assessment in-
volved using a radiative transfer model to propagate surface skin
temperature measurements made at the time of the L5 overpass to
predict the at-sensor radiance. The predicted radiance was then
convolved with the L5B6 system response function to obtain the
predicted L5B6 radiance, which was then compared with the radi-
ance measured by L5B6. Twenty-four cloud-free scenes acquired
between 1999 and 2003 were used in the analysis with scene tem-
peratures ranging between 4 °C and 22 °C. The results indicate
L5B6 had a radiance bias of 2.5% (1.6 °C) in late 1999, which
gradually decreased to 0.8 % (0.5 °C) in mid-2002. Since that time,
the bias has remained positive (predicted minus measured) and
between 0.3% (0.2 °C) and 1.4% (0.9 °C). The cause for the cold
bias (L5 radiances are lower than expected) is unresolved, but
likely related to changes in instrument temperature associated
with changes in instrument usage. The in situ data were then used
to develop algorithms to recover the skin and bulk temperature
of the water by regressing the L5B6 radiance and the National
Center for Environmental Prediction (NCEP) total column water
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data to either the skin or bulk temperature. Use of the NCEP data
provides an alternative approach to the split-window approach
used with instruments that have two thermal infrared bands. The
results indicate the surface skin and bulk temperature can be
recovered with a standard error of 0.6 °C. This error is larger
than errors obtained with other instruments due, in part, to the
calibration bias. LS provides the only long-duration high spatial
resolution thermal infrared measurements of the land surface.
If these data are to be used effectively in studies designed to
monitor change, it is essential to continue to monitor instrument
performance in-flight and develop quantitative algorithms for
recovering surface temperature.

Index Terms—Advanced Spaceborne Thermal Emission and Re-
flectance Radiometer (ASTER), emissivity, Lake Tahoe, Landsat,
Landsat-5, Moderate Resolution Imaging Spectroradiometer
(MODIS), temperature, thermal, validation.

I. INTRODUCTION

HE Thematic Mapper (TM) instrument, flown on the
Landsat-4 and Landsat-5 satellites, provides high spatial
resolution visible through thermal infrared images of the land
surface. These images constitute one of the few global high
spatial resolution datasets suitable for monitoring land cover
and land use change. The TM images the earth’s surface in
seven spectral bands. Six of the bands are located in the vis-
ible shortwave infrared part of the electromagnetic spectrum
(0.5-2.5 pm) with an additional single band in the thermal
infrared “emissive” part of the electromagnetic spectrum
(10.4-12.5 pm). The reflective bands have spatial resolutions
of 30 m, and the emissive band has a spatial resolution of
120 m for Landsat-4, -5, and -6. The Landsat-7 satellite carries
the Enhanced Thematic Mapper plus (ETM+) instrument that
includes the same reflective bands with 30-m spatial resolution
as the Thematic Mapper and an additional panchromatic band
with 15-m spatial resolution. Also, the spatial resolution of the
emissive band on ETM+ has been improved from 120 to 60 m
and made available in two gain states. Table I provides the key
characteristics of the thermal infrared bands on Landsat-5 TM
and Landsat-7 ETM+. While the six visible shortwave infrared
bands have been extensively used in local and regional-scale
studies, the thermal band has been less utilized, in part, due to
concern over its calibration.
Landsat-5 was launched in March 1984 and continues to
operate today, far beyond its expected lifetime. Since launch,
periodic in-flight validation of the instrument has revealed that
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TABLE 1
SPECIFICATIONS FOR THE THERMAL INFRARED BAND OF THE
THEMATIC MAPPER INSTRUMENTS FLOWN ON LANDSAT-5
AND LANDSAT ETM+ (FROM [1])

Instrument Full Width Spatial NEAT (K Radiometric Useful
Half Maximum | Resolution | at 280 K) | Scaling Range Temperature
Bandpass (m) (W/m2 srpum) Range (K)
(um)
Landsat-5 TM 10.45-12.42 120 [ 0.17-0.30 | 1.238-15.30 L1R: 180-350
L1G: 200 - 340
Landsat-7 ETM+ | 10.31-12.36 60 [ H:0.22 H:3.2-1265 H: 240 - 320
L0.28 L:0.0-17.04 L: 130 - 350

the instrument performance has changed over the lifetime of
the mission [1]. The calibration of L5B6 was first assessed
by Schott and Volchok [25]. Their work indicated that the
radiometric temperature reported by L5B6 was cooler than
expected by 2 °C over a 26 °C temperature range. The
results from this study were later revised by Schott [26] when
the calibration was reported to within 0.9 °C. The study
by Schott and Volchok [25] provided a benchmark for the
calibration of the thermal band but was hampered by the lack of
well-developed radiative transfer codes (RTCs) for modeling
atmospheric effects as well as suitable radiometers for accurately
and precisely determining the surface skin temperature. More
recently, O’Donnell et al. [21] reexamined the calibration of
the L5B6 using historical data and determined a calibration
difference of —2 to +1.5 K (L5 minus forward predicted
ground data). The forward predicted ground data refer to
the calculation of the at-sensor radiance using the ground
data and a RTC. This study complements the work of Schott
and O’Donnell providing accuracy assessments of L5B6 for
24 cloud-free scenes acquired between 1999 and 2003 over
the Lake Tahoe automated validation site. A portion of the
results presented in this paper was included in Barsi et al. [1],
which, when used in conjunction with data from several other
investigators, suggested a cold bias of 0.71£0.2 °C at 300 K
(radiances measured by L5B6 were lower than expected).
In addition to assessing the accuracy of L5B6, this work
also provides algorithms for the recovery of water surface
temperature from L5B6 data. Knowledge of the temperature
distribution in water bodies is very valuable for understanding
a variety of processes such as wind-induced upwelling events
[11], [16]-[18] and surface water transport patterns [28], [29].
Obtaining in situ temperature data from boats is relatively
straightforward and provides information on the vertical temper-
ature distribution in a water body. However, such measurements
provide little information on the horizontal distribution of tem-
perature across a water body. By contrast, surface temperatures
derived from satellite measurements provide information on
the horizontal temperature distribution but no information on
the vertical temperature distribution of the water body. As
a result, temperature data obtained from both satellite data
and in situ measurements are highly desirable to understand
the thermal processes taking place in water bodies.
Typically, satellite instruments with at least two bands in the
thermal infrared (7—13 pm) part of the infrared spectrum, such
as the Advanced Very High Resolution Radiometer (AVHRR) or
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Along-Track Scanning Radiometers (ATSRs), have been used
to recover the surface temperature of water (e.g., [15], [19], and
[20]). These studies demonstrate that the sea surface temperature
(SST) can be recovered to an accuracy of 0.3 °C. SST retrievals
from AVHRR and ATSR involve applying a set of coefficients
to the data from the infrared bands. These coefficients can
be derived by regression of the satellite measurements to a
series of in situ buoy temperature measurements (e.g., [20] and
[31]) or to a series of modeled SSTs (e.g., [33]). Both these
approaches have been validated by in situ measurements (e.g.,
[31, [8], and [24]). The two approaches produce different SSTs,
since the buoy temperature measurements are made at depth,
whereas the modeled SSTs utilize the radiometric temperature
of the ocean skin. The sea surface skin temperature is typically
0.1 °C to 0.5 °C cooler than the bulk temperature, although
the difference can vary considerably from this nominal range.
The same approaches developed for deriving coefficients for
SST with dual-band thermal infrared sensors can also be used
to develop coefficients for retrieving lake surface temperature
[10].

Since only one thermal infrared band is included on the
TM, a different approach must be used to recover surface tem-
perature with L5B6 data. A radiative-transfer-based solution
is described by Barsi et al. [2], where a modeled profile is
used to calculate the necessary correction (available online
at http://tightrope.gsfc.nasa.gov/atm_corr/atm_corr.html). In
this paper, an alternate approach is provided that uses the total
column water vapor from a modeled profile for the time of the
overpass.

II. SITE DESCRIPTION AND INSTRUMENTATION

Lake Tahoe is a large lake situated in a granite graben near the
crest of the Sierra Nevada Mountains on the California—Nevada
border, at 39 °N, 120 °W. The lake level is approximately
1895 m above mean sea level. The lake is roughly oval in
shape with a north—south major axis (33 km long, 18 km wide)
and has a surface area of 500 km?. The land portion of the
watershed has an area of 800 km?. Lake Tahoe is considered
a deep lake, with an average depth of 330 m, maximum depth
of 501 m, and a total volume of 156 cubic km (it is the 11th
deepest lake in the world). The surface layer of Lake Tahoe
deepens during the fall and winter. Complete vertical mixing
only occurs every few years. Due to its large thermal mass,
Lake Tahoe does not freeze in winter. There are approximately
63 streams/rivers flowing into Lake Tahoe and only one river
flowing out of Lake Tahoe to Pyramid Lake to the north and
east of Lake Tahoe.

The Lake Tahoe automated validation site was established
in 1999 to help validate the thermal infrared data and prod-
ucts from the Advanced Spaceborne Thermal Emission and
Reflectance Radiometer (ASTER) and Moderate Resolution
Imaging Spectroradiometer (MODIS) instruments on the Terra
spacecraft launched in 1999 [23], [30]. Work at the site is
performed by the University of California, Davis (UCD) and
the Jet Propulsion Laboratory (JPL). A detailed description of
the site is given by Hook et al. [10] and summarized here for
completeness. Measurements at the site are made from four
permanently moored buoys on the lake referred to as TBI,
TB2, TB3, and TB4 and the U.S. Coast Guard (USCG) station
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TABLE 11
LATITUDE AND LONGITUDE POSITION OF THE LAKE TAHOE BUOYS.
NOTE THE TWO SOUTHERN BUOYS WERE MOVED SLIGHTLY
SOUTH IN LATE OCTOBER AND EARLY NOVEMBER 2002.
LOCATIONS ARE GIVEN FOR THE BUOYS BEFORE
AND AFTER THEY WERE MOVED
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TABLE III
SPECIFICATIONS OF THE NIST-TRACEABLE STIRRED WATER BATH BLACKBODY
USED TO CALIBRATE THE JPL RADIOMETERS AND THE TEMPERATURE-
CONTROLLED WATER BATH WITH NIST-TRACEABLE THERMOMETER
USED TO CALIBRATE THE SENSORS USED TO MEASURE THE BULK
WATER TEMPERATURE. AN ADDITIONAL SECONDARY TEMPERATURE
PROBE IS USED PERIODICALLY TO CROSS-CHECK THE

Buoy | 05-07-1999to | 06-16-1999to | 05-07-1999to | 11-01-2002to | 06-16-1999to | 10-31-2002 to CALIBRATION OF THE PRIMARY TEMPERATURE PROBE
present present 11-01-2002 present 10-31-2002 present
TB1 | 39°09.180N
120° 00.020 W Component Accuracy Stability Precision
B2 ?g;“ogbzgfst ?g;?gggi;‘w NIST designed cone in a 44 at25° C:
5 - - 308300 (3506 To N liter temperature controlled +/-0.0007° C
120°04.920W | 120° 04.521 W bath (Model 7008-IR)
TB4 39°09.300 N Thermistor standard probe 0.0015°C 0.005°C/yr
120°04.330 W (Model 5643-R) over 0-60 ° C
Readout system (Chub E4) 0.0025°Cat25°C 0.0001°C

located on the northwest shore of the lake (Table II). TB2 and
TB3 were moved slightly farther south during the monitoring
period, and Table II gives the positions before and after the
move. Each buoy has a custom-built radiometer that measures
the skin temperature and several temperature sensors that mea-
sure the bulk water temperature. The radiometers were built
by JPL, and two radiometer models have been deployed at the
site [4]. The earlier model had an accuracy of 0.2 °C, and the
later model has an accuracy of +0.1 °C. The radiometers are
calibrated in the laboratory using a NIST-traceable stirred water
bath blackbody (Table III). The accuracy of the JPL radiometers
was independently verified in both the laboratory and in the
field. The laboratory comparision involved comparing the JPL
field portable blackbody and JPL radiometers against the NIST
blackbody and NIST transfer radiometer [12], [22]. The field
comparison involved a cross comparison of several highly ac-
curate radiometers, including the Marine Atmospheric Emitted
Radiation Interferometer (MAERI), on a two-day cruise on the
Research Vessel F. G. Walton Smith [4]. The results indicate the
MAERI and JPL radiometers agreed to better than 0.1 °C. The
bulk temperature measurements are made by several different
temperature sensors mounted ~2 cm beneath the surface on
a floating support tethered behind each buoy. Four different
types of bulk temperature sensor have been deployed at Lake
Tahoe. These are the Optic Stowaway, Hobo Water Pro, Hobo
Pro temp/external temp, and the MBLTA sensors. The four
types of sensors have accuracies/resolutions of +0.25 °C/8-bit,
+0.20 °C/12-bit, +0.20 °C/12-bit, and £0.10 °C/12-bit,
respectively. The MBLTA sensors are manufactured by Apprise
Technologies, and all the other sensors are manufactured by
the Onset Corporation. The accuracies/resolutions are from the
manufacturer’s specification prior to recalibration at the JPL
facility. The temperature sensors are recalibrated at JPL using
a temperature-controlled water bath with an NIST-traceable
thermometer (Table III). After recalibration, the 12-bit sensors
are accurate to 0.1 °C. During the monitoring period, meteo-
rological stations were added to each buoy. The meteorological
measurements include wind speed, wind direction, relative
humidity, air temperature atmospheric pressure, and net radia-
tion. A full set of measurements (meteorology, bulk, and skin
temperatures) are made every 2 min and stored on data loggers,
which are read out either daily via telephone modem or every
few months during site visits.

Both NASA/JPL and UCD maintain additional equipment at
the U.S. Coast Guard Station. This includes a full meteorolog-
ical station (wind speed, wind direction, relative humidity, air
temperature, and atmospheric pressure), full radiation station

(long and shortwave radiation up and down), a shadow band ra-
diometer, and an all-sky camera. The shadow band radiometer
provides information on total water vapor and aerosol optical
depth. UCD also maintains two additional floats (rafts) in the
southern part of Lake Tahoe that measure meteorological vari-
ables and bulk temperature.

Measurements of algal growth rate using 14C, nutrients
(N, P), chlorophyll, phytoplankton, zooplankton, light, temper-
ature, and secchi disk transparency are made from the UCD
Research Vessel La Conte approximately biweekly, and many
samples are taken annually around the Tahoe Basin for stream
chemistry and snow constituents.

III. METHODOLOGY AND DATA PROCESSING

Several steps are involved in calculating the vicarious
at-sensor radiance (predicted radiance) from the field data
and then comparing that radiance with the satellite at-sensor
radiance derived with the On Board Calibrator (OBC). These
steps include the following:

Step 1) extraction of the surface skin temperature from the

field data;

Step 2) forward propagation of the skin temperature to the
at-sensor radiance using a radiative transfer model,

Step 3) convolution of the at-sensor radiance with the
Landsat system response function to obtain the
vicarious at-sensor radiance for the Landsat band;

Step 4) extraction of the at-sensor radiance from the
Landsat data;

Step 5) comparison of the vicarious and OBC at-sensor

radiances.

The first three steps are described in Section I1I-A, and the last
two steps are described in Section III-B. An error analysis for the
derivation of the vicarious at-sensor radiance is provided under
the Field Data Processing and Uncertainty Analysis section.

A. Field Data Processing and Uncertainty Analysis

The bulk water temperatures were extracted for each buoy at
the time of the overpass from the multiple temperature sensors
placed ~2 cm beneath the surface at each buoy. Initially, the
temperature trace of each sensor was examined and cross-com-
pared with the other sensors on the same buoy to check all sen-
sors were reading correctly. For a given bulk temperature sensor,
the temperature at the time of the overpass was obtained by lin-
early interpolating between the two data points either side of the
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overpass time to the overpass time. The average and standard de-
viation of the interpolated bulk temperature sensor values was
then calculated for each buoy at the overpass time.

In order to compare the radiometer measurements to the satel-
lite radiometric measurements, it is necessary to correct the field
measurements to surface kinetic or skin temperature so they can
be propagated through the atmosphere using the MODTRAN
3.5 RTC [5]. Once propagated, the top-of-atmospheric radiance
is convolved to the L5B6 system response function and com-
pared with the L5B6 radiance. The surface skin temperature is
required, since the field radiometers measure the radiometric
temperature over a different wavelength range than the satellite
radiometers. In order to obtain the surface skin temperature, the
radiometer data must be corrected for the reflected downwelling
radiation from the atmosphere and the nonunit emissivity of the
water. For a given wavelength interval, correction for the down-
welling sky radiance reflected by the surface into the path of the
radiometer is summarized as follows:

Lsur — Lobs - Lpath - T(l - E)Ldown (1)
TE
where
Lgur surface radiance;
Lobs observed radiance;
Lyatn  path radiance;
T atmospheric transmission;
15 surface emissivity;
Liown downwelling atmospheric radiance.

Equation (1) is for a discrete wavelength interval, and the skin
temperature is then obtained from the surface radiance by in-
verting the Planck equation. The radiance terms are calculated
by integrating over the system response curve for the JPL self-
calibrating radiometer

Ly = / LO)R(A)OA. %)
b

Equation (2) is solved iteratively. The sky radiance term is
obtained from the RTC driven by an atmospheric profile. The
atmospheric profile is obtained from the National Center for
Environmental Prediction (NCEP). The NCEP produces global
model values on a 1° x1° grid at 6-h intervals. Lake Tahoe is
centered on 39 N, 120 W, and the grid value for this point was
utilized. The NCEP data were interpolated to the overpass time.
The emissivity of the water was obtained from the ASTER spec-
tral library available from http://speclib.jpl.nasa.gov.

In some cases, the skin temperature was not available at any
station for a given overpass or for a particular station on a given
overpass. If no skin temperatures were available for any stations
for a given overpass, the average skin effect (bulk minus skin
temperature) for all overpasses was subtracted from the average
bulk temperature at each station to obtain the station skin tem-
perature. If skin temperatures were available at some stations,
but not all stations for a given overpass, then the average skin
effect (bulk minus skin temperature) for that overpass was cal-
culated and subtracted from the bulk temperatures to obtain the
skin temperatures for the stations without a working radiometer.
The bulk and skin temperatures are available from the author on
request. There were 115 matchups (a matchup is where there
is an in situ value and corresponding satellite value). Of these
115 matchups, only 82 were used in the analysis. Thirty-three
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TABLE IV
CHANGE IN THE CALCULATED AT-SENSOR L5B6 RADIANCE AND AT-SENSOR
L5B6 BRIGHTNESS TEMPERATURE FOR VARIOUS PERTURBATIONS OF THE
U.S. STANDARD ATMOSPHERIC MODEL FOR A GIVEN INPUT RADIANCE
FOR A SITE AT THE ELEVATION OF LAKE TAHOE (~2 km)

Change from Nominal in Adjusted Radi % Temperature
Radiance (Brightness radiance Difference Radiance Difference

Temperature in brackets) (Wlmz.sr.pm) (Wim2.sr.um) | Difference (°C)
90% Water Vapor 8.149 0.016 0.20% 0.13
110% Water Vapor 8.117 -0.016 -0.20% -0.13
-1degC 8.127 -0.006 -0.07% -0.05
+1degC 8.139 0.006 0.07% 0.05
50% Ozone 8.134 0.001 0.01% 0.01
150% Ozone 8.132 -0.001 -0.01% 0.01
50% Visibility (11.5 km) 8.104 -0.029 -0.36% -0.24
150% Visibility (34.5 km) 8.143 0.01 0.12% 0.08

The nominal or original radiance was 8.133 W/m“.sr.um

matchups were excluded because the standard deviation of the
bulk temperature sensors at the matchup was greater the 0.2 °C
(see Section IV). Of the 82 matchups used, half were obtained
using bulk temperature data with an assumed skin effect, and the
other half were directly measured with a radiometer. Of the 24
validation days that were selected, eight utilized skin temper-
ature estimates based on the average skin effect. All the other
days used skin temperatures measured only by radiometers or
measured by radiometers and bulk-derived skin temperatures
where the skin effect was taken as the average skin effect from
the other buoys with working radiometers at the overpass time.

The skin temperatures were then propagated to at-sensor ra-
diance using the same RTC code and profile used to correct the
radiometric data to skin temperature and the at-sensor radiance
convolved with the L5B6 system response function to obtain an
equivalent or vicarious Landsat radiance.

The need to correct the radiometric temperature to skin tem-
perature with a downwelling radiance derived from the NCEP
data introduces an uncertainty in the skin temperature. This un-
certainty is very small (< 0.02 °C) and is discussed more fully
in Hook et al. [10].

The skin temperature is propagated to the equivalent radi-
ance at-sensor using an RTC. In the propagation to at-sensor
radiance, the atmospheric path length is now the distance from
the skin to the satellite as opposed to the distance from the ra-
diometer to the skin, used to correct the radiometer tempera-
ture to skin temperature, and therefore the uncertainty is larger.
Further, the size of this uncertainty is dependant on the spec-
tral width of the band that the at-sensor radiance is convolved
with, in this case L5B6. In other words, the size of the error as-
sociated with the forward prediction of the radiance for a given
wavelength interval depends on where that interval is located in
the thermal infrared region. Table IV shows the results from an
assessment of the uncertainty associated with propagating the
skin temperature to the satellite for a U.S. Standard Atmosphere.
A U.S. Standard Atmosphere contains more water vapor than is
typically encountered at Lake Tahoe, and therefore, the reported
uncertainties represent the maximum uncertainty. The assess-
ment involves modifying the various profile inputs and then cal-
culating the difference between using the actual profile and the
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Radiometer and Bulk Variables versus Buoy Wind Speed
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Fig. 1.
Tahoe buoys.

modified profile. This approach assesses the consequences of an
error in the profile used to forward model the skin temperature
to at-sensor radiance. For example, if the temperature profile
is assumed to be in error by 1 °C, then 1 °C can be added to
the profile, and the difference between forward propagated ra-
diance using the nominal and adjusted profiles calculated simi-
larly 1 °C can be subtracted from the profile and the difference
between the forward propagated radiance using the nominal and
adjusted profile calculated. It can be seen from Table IV that
an error of 1 °C has a small effect on the difference between
the brightness temperature obtained from the modified and un-
modified profiles. The error associated with increasing the total
water vapor in the profile by 10% is larger (0.13 °C) but still
small. Clearly, the difference in the at-sensor radiance is most
strongly related to the total water vapor in the profile, and there-
fore, sites with little water vapor in the overlying atmosphere,
such as Lake Tahoe site, are highly desirable for validating the
at-sensor radiance. The total column water vapor on clear days
at Lake Tahoe is typically between 0.5-1.5 cm.

B. Landsat Image Data Processing

In order to select images suitable for validation, the L5
browse images acquired over Lake Tahoe from mid-1999
through 2003 were evaluated for cloud cover. Any images
containing visible clouds over the lake were excluded, and
the remaining images were purchased for further evaluation.
The full-resolution visible and thermal infrared data were then
examined, and any scenes with clouds over the lake that were
not identified in the reduced spatial resolution browse, or could
only be identified in the thermal infrared data, were excluded,
resulting in 28 scenes that were suitable for validation. (Four
of the 28 scenes were subsequently removed; see Section IV.)
Comparison with ground data indicated these images spanned
the full temperature range of the lake surface at the overpass
time (~4 °Cto —22 °C).

The TM sensor incorporates an onboard radiometric calibra-
tion system called the Internal Calibrator (IC), which is located
in front of the primary focal plane. The IC consists of three
silicon-detector-stabilized tungsten miniature lamps, a black-
body, and a shutter. Reflective bands use the lamps, and the
thermal band uses the blackbody source for radiometric cali-
bration. TM’s thermal band calibration is achieved by periodic,

Plot of skin effect (bulk temperature minus skin temperature) and standard deviation of bulk temperature sensors versus wind speed measured at Lake

once-per-scan viewing of the temperature-controlled blackbody
source and the instrument shutter. At the end of each scan, the
shutter on the calibrator arm swings in front of the detectors.
This prevents detection of earth surface radiance in the cali-
bration interval. During this period, the detectors sequentially
view the calibration shutter and the blackbody whose temper-
atures are both known. The blackbody calibrator is controlled
at a constant temperature throughout the instrument’s lifetime,
while the shutter temperature is uncontrolled, but monitored.
Using the temperature-controlled blackbody source and shutter,
a two-point calibration can be performed for the four thermal
band detectors [1]. The response is quantized into eight-bit num-
bers that represent radiance values between 0-255.

The eight-bit instrument data were converted to radiance by
applying the calibration coefficients supplied with the data. The
application of the calibration coefficients to the instrument data
to obtain the at-sensor radiance was confirmed using the raw
image data, blackbody, and shutter information.

IV. RESULTS AND DISCUSSION

A. Landsat Calibration

The measurements made at the buoys include both skin tem-
perature and bulk temperature measured by the radiometers and
the in situ temperature sensors, respectively. The skin tempera-
ture measurement is propagated through the atmosphere to ob-
tain the equivalent radiance at sensor used for the forward calcu-
lation rather than the bulk temperature, since the satellite mea-
sures the skin temperature. Fig. 1 shows a plot of the standard
deviation of the bulk temperature sensors and the skin effect
(bulk minus skin temperature) versus the wind speed measured
at the buoys. This plot only shows results for clear-sky over-
passes where the skin and bulk temperatures and wind speed
were measured simultaneously. Previous work by Hook et al.
[10] utilized wind speeds measured at the USCG station on the
northwest shore, which while providing a good indication of
the general conditions, is not ideal, since wind speeds onshore
can differ from wind speeds at the buoys, especially under light
wind conditions. If the wind speed is low and the sky is clear, a
strong diurnal cycle develops accompanied by stratification of
the surface layer. Examination of Fig. 1 indicates that once the
wind speed drops below 1 m/s, there is a wide range in the skin
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Standard Deviation of Bulk Temperature versus Skin Effect
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Fig. 2. Plot of skin effect (bulk temperature minus skin temperature) versus
standard deviation of bulk temperature sensors measured at Lake Tahoe buoys.

effect, and the standard deviation of the bulk temperature sen-
sors increases due to increased variability in the surface layer.
This relationship is more apparent when the standard deviation
of the bulk temperature sensors is plotted against the skin effect
(Fig. 2). Examination of Fig. 2 indicates that when the standard
deviation of the bulk temperature sensors is below 0.20 °C, the
skin effect clusters around 0.5 °C, but when the standard devi-
ation is greater than 0.20 °, the skin effect becomes quite vari-
able ranging from —1.0 °C to 1.0 °C. As noted earlier, when no
radiometer data are available at a buoy, an average skin effect
is assumed; since, the skin effect is quite variable at the local
scale, it was decided to only use data where the standard devia-
tion of the bulk temperature measurements was < (.20 °C when
the skin is homogenous, and the skin effect is reasonably con-
stant. The observation that the skin effect remains relatively con-
stant at higher wind speeds has also been noted for the oceans
[7], although, Donlon observed a constant skin effect of 0.17 £
0.07 K when the wind speed exceeded 6 m/s. The average skin
effect, calculated for the Lake Tahoe scenes where the standard
deviation of the bulk temperature values was < 0.2 °C, was
0.35 £ 0.33°C. The larger skin effect and greater scatter in the
skin effect in the Lake Tahoe data compared to the Donlon data
are likely due to the inclusion of lower winds speeds. The skin
effect at Lake Tahoe falls within the nominal range for the skin
effect observed over the oceans [6], [9], [13], [14], [19], [27],
[32]. The average skin effect observed at the Landsat overpass
time is slightly larger than the average skin effect observed for
the Terra overpass (ASTER and MODIS instruments), since the
Landsat overpass is slightly earlier when the skin is cooler due
to less solar heating. The Landsat overpass times used in this
study range from 18:11 to 18:19 GMT. If all the skin effect data
are used to calculate the average skin effect at the Landsat over-
pass time, including values when the standard deviation of the
bulk temperature sensors was > 0.20 °C, the average skin ef-
fect is 0.26 °C. This lower value reflects the fact that at lower
wind speeds or higher bulk temperature standard deviations, the
skin is often warmer than the bulk temperature leading to a neg-
ative skin effect (bulk minus skin temperature). Surface hetero-
geneity associated with the skin effect can be largely avoided if
nighttime satellite data are used, but data from the Landsat in-
struments are not normally acquired at night.

Fig. 3 shows a plot of the vicarious at-sensor radiance
(derived from the in situ data) versus the OBC at-sensor ra-
diance. Again, only data where the standard deviation of the

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 42, NO. 12, DECEMBER 2004

bulk temperature sensors was < 0.20 °C are presented. Also,
the average of the four potential values (one per buoy) for a
given overpass is shown, unless there was only a single value
for the overpass, in which case that value was excluded from
the dataset. After this additional filtering, there were data from
24 of the original 28 overpass days, and these were used in
the remainder of the study. Fig. 3 clearly shows the radiance
underestimate and indicates there is a bias between the OBC
radiance and vicarious radiance. The average radiance bias is
1.54% (1.0 °C), which compares to an average bias calculated
by Barsi et al. [1] of 0.7 °C. If the difference between the
vicarious and OBC radiance is plotted against time, the size of
the error changes with time (Fig. 4). In Fig. 4, the bias starts off
at 2.5% (1.6 °C) in late 1999 and then gradually decreases to
0.8% (0.5 °C) in mid-2002. From mid-2002 to the present, the
bias fluctuates between 0.3% (0.2 °C) and 1.4% (0.9 °C). The
cause of this bias is unresolved but is likely due to a decrease in
the performance of the instrument coupled with changes in the
temperature of the instrument. The instrument has undergone
large changes in temperature in recent years, since many of
the ground stations have stopping receiving Landsat-5 data and
starting receiving Landsat-7 ETM+ data instead.

B. Surface Temperature Recovery

The radiance received by an earth-orbiting sensor in the
thermal infrared (7-13 pm) part of the electromagnetic spec-
trum consists of a surface and atmospheric component. The
surface component depends on the temperature and emissivity
of the surface, and the atmospheric component depends on the
temperature and composition of the atmosphere, primarily the
amount of water vapor present. Instruments designed to recover
SST like the AVHRR and the ATSR typically place one band in
the clearest part (least sensitive to water vapor) of the thermal
infrared spectrum and the other band in a different part of the
thermal infrared spectrum that is sensitive to water vapor. If
the emissivity of water in each of the bands is assumed to be
constant, the at-sensor radiance sensed by the two bands varies
based on the temperature of the surface and the amount of water
vapor in the atmosphere. As a result, the at-sensor radiance data
from the two bands can be regressed to surface measurements
to obtain coefficients for recovering the water temperature that
account for the variation in the water vapor in the atmosphere.
Since the Landsat TM instrument only has a single band in the
thermal infrared part of the electromagnetic spectrum (L5B6),
this same regression approach cannot be used unless additional
information on the composition of the atmosphere is supplied.
The Landsat TM instrument only has a single broad thermal
infrared band in order to be able to acquire data at much higher
spatial resolutions with the equivalent signal to noise as the
AVHRR and the ATSR instruments. AVHRR and ATSR have
spatial resolutions of ~1 km at nadir compared to 120 and 60 m
for Landsat-5 TM and Landsat ETM+, respectively. Although
Landsat does not have two bands to account for water vapor,
a surrogate value can be obtained from the total column water
vapor available with the NCEP data. The NCEP data are the
same data used to forward model the ground temperatures to
at-sensor radiance described previously. Total Column Water
could also be derived from the Multi Filter Rotating Shad-
owband Radiometer data acquired at the site; however, these
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Landsat 5, Band 6 Vicarious and On Board Calibrator (OBC) Derived
Radiances at Lake Tahoe, CA/NV CY 1999-2003
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Fig. 3.

Plot of L5B6 OBC radiance versus L5B6 vicarious (predicted) radiances. X error bars are the standard deviation of the vicarious at sensor radiance for

each overpass. Y error bars are the standard deviation of the OBC at sensor radiance for each overpass.

Landsat 5, Band 6 Percent Delta Radiance between Vicarious and On Board
Calibrator (OBC) Radiances at Lake Tahoe CA/NV 1999-2003
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data were not used, since they were not available for all the
overpasses.

Table V shows the coefficients and fit values from regressing
various combinations of the L5B6 radiances, NCEP values,
and vicarious radiances to the skin and bulk temperatures.
Evaluation of this table indicates that the smallest error is
obtained if the forward propagated skin temperature values are
regressed back to themselves (standard error of regression or
S.E. = 0.239 °C). Note that no L5 data are used in this regres-
sion. This error is a direct measure of the best possible result
that could be obtained from a perfect measure of the satellite
radiance. It is only slightly better than the error calculated by
Hook et al. [10] from ATSR2 data (S.E. = 0.33 °C). The worst
error is obtained from a simple fit of the L5B6 values to the skin
temperatures (S.E. = 0.67 °C). Again, this is expected, since
the single-band value does not provide any means to account
for variability in the atmospheric water vapor as discussed
earlier. Slightly better standard errors are obtained when the
L5B6 and NCEP data are regressed to either the skin or the
bulk temperatures (0.63 °C and 0.62 °C for regressions to

the skin and bulk temperature, respectively). The fact that the
regressions give similar results for both the skin and the bulk
temperatures suggests that the skin effect is relatively constant
as expected based on the filtering of the scenes to only those
where the standard deviation of the bulk temperatures was
< 0.20 °C. Since the L5B6 data were regressed to in situ data,
the regression accounts for an average bias observed in the
in-flight validation; however, they do not account for random
instrument noise, which explains why the S.E. for the data is
not as good as that observed with ATSR?2 data. The coefficients
presented in Table V could be used by other investigators to
derive skin or bulk temperatures from L5B6 data, for similar
areas, i.e., high-altitude lakes with relatively dry atmospheres.
Further analyses are required to confirm that this approach
works correctly with wetter atmospheres.

V. SUMMARY AND CONCLUSION

The absolute calibration of the Landsat-5 TM thermal infrared
band (L5B6) was assessed from mid—1999 through 2003 using
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TABLE V
LINEAR COEFFICIENTS DERIVED FROM REGRESSION OF THE VICARIOUS L5B6
RADIANCES, OBC L5B6 RADIANCES, AND NCEP TOTAL COLUMN WATER
‘VAPOR AGAINST THE SURFACE SKIN TEMPERATURE AND BULK TEMPERATURE
FOR THE FOUR BUOYS AT THE TIME OF THE LANDSAT-5 OVERPASS.
L5SASR = L5 AT-SENSOR RADIANCE. TCW = TOTAL COLUMN WATER
VASR = VICARIOUS AT-SENSOR RADIANCE. X1 AND X2 REFER TO THE
COEFFICIENT THAT THE INPUT DATA SHOULD BE MULTIPLIED BY IN
ORDER TO OBTAIN THE Y VARIABLE. FOR EXAMPLE TO DERIVE THE
SKIN TEMPERATURE FROM THE LANDSAT RADIANCE (L5ASR), USING
JUST LANDSAT DATA, THE LSASR IS MULTIPLIED BY, X1 AND THE
INTERCEPT IS ADDED. TO DERIVE THE SKIN TEMPERATURE
FROM THE LANDSAT RADIANCE (L5ASR) AND TOTAL
COLUMN WATER (TCW), THE L5SASR Is MULTIPLIED
BY X1, AND THE TCW IS MULTIPLIED BY X2. THE
PRODUCTS ARE SUMMED, AND THE INTERCEPT IS ADDED

Y Variable X Variables Intercept | X1 X2 N R’ Standard
Error of
Regression

Daytime L5C6 53.034 | 9.118 82 | 0.978 0.674
Skin

Daytime LSASR and TCW 51924 | 0683 | 8.886 | 82 | 0.981 0.633
Skin

Daytime L5ASR and TCW 51403 | 0412 | 8.894 | 82 | 0.982 0.616
Bulk

Daytime VASR and TCW 52.027 8.707 | 1.033 | 82 | 0.997 0.239
Skin (No L5 data)

Daytime VASR and TCW 51335 | 8691 | 0.774 | 82 | 0.994 0.357
Bulk (No L5 data)

water skin and bulk temperature data from an automated valida-
tion site at Lake Tahoe. The bulk and skin temperature data are
acquired every 2 min from four permanently moored buoys on the
lake. Assessment involved taking the skin temperature at the time
of the overpass and predicting the at-sensor radiance with a RTC.
The at-sensor radiance was then convolved with the L5B6 system
response function and compared with the radiance measured by
L5B6. Twenty-four cloud free scenes were used in the assessment
with ground temperature ranging between 4 °C and 22 °C. The
skin temperatures used in the forward propagation were on av-
erage (.34 °C cooler than the bulk temperatures. Results indicate
that L5B6 had a bias of 2.5% (1.6 °C) in late 1999 that gradu-
ally decreased to 0.8% (0.5 °C) in mid-2002. From mid-2002 to
the present, the bias fluctuates between 0.3% (0.2 °C) and 1.4%
(0.9 °C). The exact cause for this bias is unresolved but is likely
related to changes in the instrument temperature associated with
changes in instrument usage.

The in situ data used to validate the instrument were also used
to develop an approach for recovering the skin and bulk temper-
ature of water. The approach involved regression of the at-sensor
radiance data together with an estimate of the total column water
vapor from NECP data with the in situ measurements of skin and
bulk water temperature. The standard errors for the regression
were 0.63 °C and 0.62 °C for the recovery of the skin and bulk
water temperatures, respectively. These errors set a limit on the
recovery of water temperature with L5B6 data. Although these
errors are slightly larger than those obtained from instruments
with two bands in the thermal infrared such as ATSR2, the skin
and bulk temperatures can be derived a far higher spatial reso-
lutions, making them more useful for research involving small
water bodies such as small lakes and rivers. The coefficients de-
veloped with the regression are for high-altitude lakes with rel-
ative dry atmospheres above them. Further work is required to
determine if these coefficients need to be adjusted for use with
warmer lakes with wetter atmospheres.

It is remarkable that the Landsat-5 TM has continued to per-
form so well for a time period far exceeding its original design
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life. Nevertheless, the instrument has aged, and its characteris-
tics have changed since its launch. These changes must be ad-
equately characterized and corrected to preserve the usefulness
of the acquired data. These results demonstrate the need for cal-
ibration of an instrument over its lifetime as well shortly after
launch in order to assess the true radiometric response of an in-
strument as accurately as possible.
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